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ABSTRACT 



Context. We report on the physical properties of small-scale transient flows observed simultaneously at high cadence with the SUMER 
spectrometer and the TRACE imager in the plage area of an active region. 

Aims. Our major objective is to provide a better understanding of the nature of transient phenomena in the solar atmosphere by using 
high-cadence imager and spectrometer co-observations at similar spatial and temporal resolution. 

Methods. A sequence of TRACE Fe ix/x All I A and high-resolution MDI images were analysed together with simultaneously 
obtained SUMER observations in spectral lines covering a temperature range from 10000 K to 1 MK. 

Results. We reveal the existence of numerous transient flows in small-scale loops (up to 30 Mm) observed in the plage area of an 
active region. These flows have temperatures from 10 000 K (the low temperature limit of our observations) to 250 000 K. The coronal 
response of these features is uncertain due to a blending of the observed coronal line Mg x ,1624.85 A. The duration of the events 
ranges from 60 s to 19 min depending on the loop size. Some of the flows reach supersonic velocities. 

Conclusions. The Doppler shifts often associated with explosive events or bi-directional jets can actually be identified with flows 
(some of them reaching supersonic velocities) in small-scale loops. Additionally, we demonstrate how a line-of- sight effect can give 
misleading information on the nature of the observed phenomena if only either an imager or a spectrometer is used. 
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1. Introduction 

The solar atmosphere is highly dynamic on all scales seen both 
in spectroscopic and imager data. The dynamics is usually wit- 
nessed by non-Gaussian spectral line profiles, a strong radiance 
increase or proper motion of bright features (dark when seen in 
absorption). These events are commonly named transient phe- 
■ nomena due to their short duration. They have already been 
. intensively studied for almost three decades during the High- 
^ Resolution Telescope and Spectrometer (HRTS), Yohkoh, Solar 
and Heliospheric Observatory (SoHO) and Transition Region 
And Coronal Explorer (TRACE) missions and it is strongly be- 
lieved that they may contribute to both the coronal heating and 
solar wind generation. However, it is often difficult or even im- 
possible to derive their spatial scale and even to identify their 
true nature because of the limitations of the existing instruments. 
Either high-cadence spectroscopic rastering, faster than the life- 
time of these phenomena, or lower cadence rastering and simul- 
taneous imaging can provide their correct identification and bet- 
ter understanding of the physical mechanisms involved. 

Transient flows were studied since the Sky lab mission 
(Mariska & Dowdyl Il992l) and later during th e SoHO mission 
(for a recent overview see iDoyle et al.l [2006b . Only recently a 
transient flow in a small-scale quiet-Sun loop was reported by 
iTeriaca et al.l (I2004I) detected in Solar Ultraviolet Measurement 
of Emitted Radiation (SUMER) data. The observations were 
taken in a very high-cadence rastering mode with 3 s exposure 
time which permitted a 'snapshot' of the area to be obtained. 
Transient flows in loops can be created by heating or pressure 
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imbalance between the footpoints of a loop or by asymmetry in 
the footpoint areas iBoris & M ariska 1982; Spa daro et al.ll 19911: 
lOrlando et al.ll 1995 a||bb. The heat d eposition is believed to be lo- 
cated at the footpoints of the loop (|Spadaro et al.l l2006). 

The phenomena which have all the characteristics of a tran- 
sient feature are the so-called explosive events also known 
as bi-directional jets. They were seen both in the quiet Sun 
and active regions and w ere first observed with HRTS by 
iBrueckner & Bartoel (Il983h and later during the SoHO mission 
in SUMER observations (Inne s et all Il997|) . They are identi- 
fied by their non-Gaussian profiles and were registered in spec- 
tral lines with formation temperatures from 4 10 4 K up to 
6 10 5 K. No response w as found so far at coronal tempera- 
tures (ITeriaca et al.ll2002|) . Their spatial size estimated from the 
appearance along a spectrometer slit is 3"-5". Their lifetime 
ranges from 60 s to 300 s. Explosive events are mostly known 
from their spectral characteristics. Observations showing them 
simult aneously in ima g er and spectrometer data are very lim- 
ited. Iwinebarg er et alJ (1200 ll) used simultaneous TRACE and 
SUMER active region observations and found that short-term 
(< 5 min) intensity fluctuations in TRACE All I A data are on 
average 2.2 times larger in regions of reconnection than in a non- 
event region. The regions of reconnection were identified as the 
regions in which explosive event(s) were observed. The cadence 
of the TRACE observations was 50 s which is fa r too low to 
identify any proper motion if present. Innes ( 2001) made a de- 
tailed analysis of simultaneous SUMER Si iv /11393 A line pro- 
files, TRACE ,11550 A, ,11700 A and ,1171 A passband images 
and Michelson Doppler Imager (MDI) high-resolution magne- 
tograms. The author found that in most events the Si iv A 1393 A 
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Fig. 1. Colour table reversed TRACE Alll A (left) and TRACE /U600 A (middle) images and MDI high-resolution magnetogram 
scaled from -200 to 200 G (right) of the active region NOAA 08558 observed on 1999 June 2 with the SUMER slit position 
over-plotted. 



line reveals plasma flows 1-2 min before the line core brightens 
suggesting that the plasma acceleration precedes plasma com- 
pression and/or heating. 

The large variety of transient phenomena reported so far is 
mainly known from observations obtained with one particular 
instrument and in a certain wavelength range. We aim at study- 
ing in detail small-scale transients and determine their plasma 
and spatial characteristics using simultaneous spectroscopy and 
vacuum ultra-violet imaging at the highest existing spatial, tem- 
poral and spectral resolution (in the spectral range in question). 
We will also demonstrate the importance of having both imager 
as well as an imaging spectrometer data in order to avoid misin- 
terpretation of an observed feature. In Sect. 2 we describe the ob- 
servational material, its reduction and the way the co-alignment 
between the different instruments was done. Sect. 3 presents 
the data analysis, the obtained results and their discussion. In 
Sect. 4 we discuss the importance of multi-instrument observa- 
tions. Conclusions as well as the future perspectives on the sub- 
ject are given in Sect. 5. 

2. Observations: SUMER, TRACE and MDI 

The events discussed here occurred in the plage area of the ac- 
tive region NOAA 8558 on 1999 June 2 (Fig. [[]). Simultaneous 
SUMER, TRACE and MDI observations were taken during sev- 
eral hours (see below for more details). The fields-of- views 
(FOVs) of SUMER, TRACE and MDI are shown in Fig .ffl 

The SUMER spectrometer dWilhelm et alJ 1 19951: 
iLemaire et al.l 1 19971) data (1.5" spatial resolution) were 
taken on 1999 June 2 starting at 09:17 UTC and ending at 
1 1 :02 UTC. A slit with a size of 0.3" x 120" was used exposing 
for 25 s on detector B. The slit was pointed at the plage area of 
the active region between two sunspots of opposite polarities 
(Fig. [T]). Four spectral windows were telemetered each with 
a size of 120 spatial x 50 spectral pixels. The spectral line 
read-outs are shown in Table [T] From all lines only O v A629.13 
A was taken on the bare part of the detector. At the start of 
the observations the spectrometer was pointed at solar disk 
coordinates xcen = -217" (at 09:17 UTC) and ycen = 257". 
Subsequently, the observations were compensated for the solar 
rotation. The data were reduced using the standard procedures 
for flatfield, local gain and geometric distortion corrections. 
The spectral analysis was made with respect to a reference 



Table 1. The observed spectral lines. The expression '/2' means 
that the spectral line was observed in second order. The comment 
'blend' means that the spectral line is blending a close-by line. 



Ion 


A/A 


log(TW)/K 


Comment 


Nv 


1238.82 


5.3 




Ci 


1248.00 


4.0 






1248.88 




blend 


Ci 


1249.00 


4.0 




Oiv/2 


1249.24 


5.2 


blend 


Six/2 


1249.40 


6.1 


blend 


Ci 


1249.41 


4.0 




Mgx/2 


1249.90 


6.1 




Oiv/2 


1250.25 


5.2 


blend 


Si ii 


1250.09 


4.1 




Sin 


1250.41 


4.1 




Ci 


1250.42 


4.0 


blend 


Sn 


1250.58 


4.2 




Sin 


1251.16 


4.1 




Ci 


1251.17 


4.0 


blend 


SiV 


1251.39 


5.5 


? 


Oiv/2 


1251.70 


5.2 






1251.78 




? 


Si i 


1258.78 


4.1 




Sn 


1259.53 


4.2 


blend 


Ov/2 


1259.54 


5.4 




Si ii 


1260.44 


4.1 





spectrum obtained by aver aging over t h e enti r e dataset. We 
used the spectra l atlas of ICurdt et afl (120011) . ISandlin etaD 
(1986) and Kelly) (1 19871) to identify the spectral lines as well as 
cross-checking with the CHIANTI v 5.2 database. 

The TRACE (lHandv et al.lll999h data were obtained in the 
Fe ix/x Alll and ,11600 A passbands starting at 09:00 UTC and 
finishing at 11:30 UTC on 1999 June 2. The integration time 
was 2.9 s for the Alll A passband and 0.3 s for ,11600 A. The 
Alll A channel cadence was 10 s which increased to 15 s when 
an image in the A 1600 A channel was taken. From 09: 1 8:38 UTC 
until 09:32:28 UTC only observations in the ,11600 A chan- 
nel were taken. The FOV of the images was 256" x 256" 
with a spatial resolution of 1". The most recent work on the 
T RACE Alll A passband temperature response can be found 
in lBrooks & Warrenl (120061) . 
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Fig. 2. For all cases (a), (b), (c) and (d): left: TRACE All I A colour table reversed image showing the analysed feature. The vertical 
line corresponds to the position of the SUMER slit, while the two horizontal lines outline the part of the slit which was analysed in 
the SUMER data, right: Profiles of all observed spectral lines taken closest in time to the shown TRACE image. The dotted line 
profile corresponds to the reference spectrum. An animation of the TRACE Alll A images can be seen online. 



The MDI (Sch errer et all 1 19951) data were taken with a ca- 
dence of 1 min in high-resolution mode (pixel size 0.606") dur- 
ing several hours. 

The co-alignment of TRACE and SUMER observations 
was done by using TRACE ,11600 A images and SUMER 
raster observations, taken just before the time series in the 



Si ii ,11260.44 A (logT max /K = 4.1) line which falls in the 
transmitted O v /1629.73 A spectral window. The line for- 
ma tion temperatures are taken from CHIANTI v5.2 using 
the iMazzotta et al.1 (1 19981) ionisation equilibrium. The SUMER 
raster was obtained with 5 s exposure time and 0.37" increment. 
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Fig. 3. TRACE All I A colour table reversed image sequences of events (c) (above) and (d) (below). The black contour shows 
the brightening (here seen as the darkest feature) in the loop at a given time. The over-plotted white contour outlines the event at 
10:43:31 UTC. The black contour traces the brightenings at the given time. The vertical line corresponds to the position of the 
SUMER slit. 



The emission in the TRACE A 1600 A passband mainly comes 
from continuum emission, C iv, C i, and Fe n. Note that the 
SUMER times mark the beginning of the exposures, while the 
TRACE times the end of the exposures. The co-alignment be- 
tween SUMER and MDI was done via the TRACE ,11600 A 
channel. The precision of all co-alignments is 1". 



3. Analysis and discussion of small-scale flows 

The SUMER observations were taken in spectral lines with 
formation temperatures covering a temperature range from 
10000 K to 1 MK. First, the two transition region lines 
O v A629 A and N v A 123 8 A were inspected for spectra showing 
non-Gaussian profiles or large intensity increases. That led to the 
identification of several events with profiles showing a radiance 
increase and either blue or/and red-shifted emission. The coun- 
terpart of these events in the TRACE All I A images revealed 
several features of increased emission of circular shape with di- 
ameters of 3" and elliptical ones with major axis of 4" and minor 
axis of 2" along small-scale loops (length up to 30 Mm) (Fig. 0). 
This combined with the spectral information mentioned above 
led us to conclude that we actually observe plasma flows. The 
brightenings as seen in the TRACE images appear suddenly any- 
where along the loops. We can only speculate that either the en- 
ergy deposition happens at the position where first these bright- 
enings are seen or simply due to higher density or filling factor 



that the plasma emits stronger in the TRACE A\l\ A channel 
at this place. We selected four events which were best regis- 
tered with the two instruments both temporally and spatially. 
The transient flows have a different response in the registered 
spectral lines but nevertheless some common characteristics can 
be found. 

Events (a) and (b) presented in Fig. [2] (top) both show a 
strong increase in the peak radiance of the rest component of 
N v of 3.5 and 12.5 times, respectively. The increase in the O v 
line is only a factor of 1.5 and 3.4. This is coupled with an av- 
erage increase of 2.2 and 3.8 times in the chromospheric lines 
(C i, Si ii and S n). How can we explain such a significant dif- 
ference in the intensity flux increase of the two transition region 
lines O v and N v? One possible explanation is that although 
both lines have overlapping formation temperatures, their peak 
formation temperature is separated by AlogT e = 0.08-0.12 (de- 
pending on the assumed atomic model). A time dependent ion- 
isation could also be an explanation which will be discussed in 
a forthcoming pap er. Another possible reason was discussed by 
iDoyle et all (|2005) where the authors derived the density depen- 
dent contribution function for both N v and O v. Their calcu- 
lations showed that with increasing electron density, both lines 
shift towards lower temperatures. The difference comes, how- 
ever, from the relative increase of the line flux with increasing 
density. For the N v line, increasing the density to 10 11 cm" 3 re- 
sults in a 60% increase in the line flux, while the O v line shows 
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a 30% decrease. Increasing the density to 10 12 cm" 3 results in a 
factor of two decrease of the O v flux. 

Event (a) shows a Doppler shift of 80-90 km s" 1 in the red 
wing of the O v line and a rest component shifted at « 5 km s" 1 . 
For event (b) the rest component shift to the red in the O v line 
is ^14 km s" 1 while the shift in the red wing of the line reaches 
up to 60 km s" 1 . The Doppler shifts in O v were derived from a 
multi-Gauss fit. 

The flows (c) and (d) cross the SUMER slit with a time dif- 
ference of approximately 3 min. Using image difference tech- 
niques we found that these flows appear visibly at the same lo- 
cation, i.e. in the same loop (Fig. [2 bottom and Fig. [3]). Visual in- 
spection of the TRACE image sequence animation suggests that 
the plasma crossing the SUMER slit propagates in the same di- 
rection during both events. Despite moving along the same mag- 
netic loop and in the same direction, there is quite a significant 
difference in the spectral line profiles during the two events. The 
Doppler shifts in the O v line (only for O v was it possible to 
apply a multi-Gauss fit) change from red (24 km s" 1 ) and blue- 
shift (50 km s" 1 ) for event (c) to a blue-shift of up to 45 km s" 1 
with a strong peak at 28 km s" 1 and a red- shifted but not very 
intense component up to 38 km s" 1 for event (d) (Figs. [3] & [4]). 
What causes such a difference in the line profiles? One possi- 
ble explanation is the line-of- sight effect created by the change 
of the orientation of the loop (due to, for instance, a footpoint 
displacement) in respect to the observer (SoHO/SUMER). We 
can only speculate that for case (c) the slit is closer to the top of 
the loop while for (d) the slit gets the emission more from the 
ascending plasma which produces the blue-shifted emission. As 
can be seen in Fig. [3j the projection of the flow on the TRACE 
images differs slightly for events (c) and (d). In fact, for these 
events, flows seems to propagate towards both footpoints of the 
loop when viewed with the TRACE images. The SUMER slit 
gets the emission only from one of them. A similar picture was 
also observed during other events registered in the TRACE field- 
of-view. However, we have to be cautious with the interpretation 
of what we see in the TRACE data, because without simultane- 
ous spectral information we cannot be sure whether we observe 
a flow or simply a brightening. 

Events (c) and (d) show a similar radiance increase which 
is stronger in the O v line (7.4 and 6.3 times with respect to 
the reference radiance, respectively) while the emission in N v 
increases only 4.6 and 4.3 times, respectively. This is coupled 
with a weaker response in the chromospheric lines with respect 



to events (a) and (b). It is therefore evident that a stronger re- 
sponse in the N v line is coupled with a stronger emission in the 
chromospheric lines (C i, Si n & S n). 



~ V 629.73 A 

'a 350 ' 
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Fig. 5. Left: TRACE All I A colour table reversed image show- 
ing the flow in a pre-existing coronal loop. The vertical line cor- 
responds to the position of the SUMER slit, while the two hori- 
zontal lines outline the part of the slit which was analysed in the 
SUMER data. Right: A reference spectrum is shown with the 
dotted line. The dashed line corresponds to the spectrum regis- 
tered at 09:22:17 UTC averaged over the area denoted by the 
two horizontal lines on the TRACE image. The continuous line 
is the spectrum around 09:37 UTC. 

Although there are some significant differences in the radi- 
ance increase of O v and N v, the Doppler shifts in the two 
transition region lines are almost the same for each transient 
(Fig. |U). If we assume that O v A629 A and N v ^1238 A are 
in ionisation equilibrium they will emit at temperatures around 
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Fig. 6. The peak radiance averaged along the SUMER slit as 
shown in Fig. \5\ obtained from a single Gauss fit. The solid line 
corresponds to the Mg x /1624.85 A line, dotted - O v A629 A, 
dashed - N v/1238 A, solid thick - Si n /U251.16 A and 
C i A 125 1.1 7 A. The grey area marks the ti me period during 
which the jet-like events were observed (see iMadjarska et al.1 
120071) . 



250000 and 200000 K which gives sound speeds of 75 km s" 1 
and 67 km s" 1 , respectively. The fact that the flows direction 
forms an angle with respect to the line-of- sight means that some 
of these flows reach supersonic velocities. 

The interpretation of the Mg x /1624.85 A emission is com- 
plicated due to the fact that in the SUMER spectra this line when 
registered in second order is blended by several other lines in- 
cluding P ii ,11249.82 A, Mg n ,11249.93 A, Si n ,11250.08 A and 
O iv Al 250.25 A in second order. Events (b), (c) and (d) show a 
significant increase in the feature at Al 249.90 A but this is cou- 
pled with the presence of the O iv multiplet observed in second 
order (see Table 1 for details on these lines). Therefore, it re- 
mains uncertain whether these events reach coronal temperature, 
but equally we cannot reject such a possibility. Additionally, 
during some of the events, two spectral lines appear at around 
,11250.39 A and ,11250.78 A blended with the O iv ,11251.70 A 
indicated with a question mark on the spectra in Fig|2] A possi- 
ble candidate for the line at A 125 1 .39 is Si v. This line has a very 
high excitation energy of the upper level, and therefore it can be 
excited only if the electron distribution function has an enhanced 
energy tail around logT/K= 5.2-5.5 (R R. Young, private com- 
munication). The second line at around Al 250.78 A is not yet 
identified. Further work is needed regarding the identification of 
these lines. 

The duration of the flows was determined from the time a 
brightening is first seen in the loop in the TRACE All I A image 
until it disappears. The events last from 60 s in a very small 
loop (event (b)) up to 19 min (event (a)) for the largest loop. The 
duration in the SUMER data is based on the time the flow is seen 
crossing the slit and does not actually reflect the real lifetime of 
the events. 



4. Line-of-sight effects revealed in imager and 
spectrometer co-observations 

One of the aims of the present work is to show how a line-of- 
sight effect can give misleading information on the observed fea- 
tures when either only an imager or a spectrometer is used. In 
Fig. [5] a TRACE All I A image illustrates a jet-like fe ature (for 
more details on this event see IMadjarska et al1l2007l) which is 
'crossed' by a blob-like flow along a loop (similar to the events 
discussed above). With imager information only, it would not be 
clear whether the two apparently crossing features are related 
to each other or not, and what their plasma characteristics are. 
Equally, the SUMER line profiles show a strong increase in all 
spectral lines in the transmitted spectral windows. As can be seen 
from Table 1 the spectral lines in question cover a temperature 
range from 10 000 K to 1 MK. The fact that we have both imag- 
ing and spectral information helps us to disentangle this puzzle. 
To find out the origin of the emission in each spectral line we 
took a spectrum obtained just before the blob flow was seen in 
the TRACE images. The corresponding profile at 09:22:17 UTC 
is shown with a dashed line in Fig. [5] This profile has only infor- 
mation from the jet-like feature. The comparison with the ref- 
erence spectrum (dotted line) and the spectrum (solid line) at 
09:37:01 UTC (during the blob-like flow) shows that the emis- 
sion in the Mg x line comes entirely from the jet-like event. A 
small amount of the O v emission belongs to the jet- like event 
(this is actually the fainting phase of the phenomenon, see Fig. [6]) 
while the remaining emissi on belongs to the blob-li ke flow. The 
jet-like event as shown by Madja rska et al.l (120071) emits only 
at coronal and transition region temperatures and no chromo- 
spheric emission was detected during the event(s). Therefore, 
the emission from the chromospheric lines belongs entirely to 
the blob-like flow. So, what we actually see in the TRACE 171 A 
channel are two features happening at very different heights in 
the solar atmosphere which are not related to each other. 

5. Conclusions 

This paper presents a unique dataset which makes it possible to 
study features in the plage area of an active region using imager 
and spectrometer co-observations at the highest existing tempo- 
ral, spectral (in the wavelength in question) and spatial resolu- 
tion. We show that Doppler shifts often associated with explo- 
sive events or bi-directional jets can actually be identified with 
flows (some of them reaching supersonic velocities) in small- 
scale loops. We were able to determine the physical properties 
of these flows such as temperature, velocities, size and lifetime. 
The present results can add, however, very little on the under- 
standing of the actual mechanism generating these flows, but 
they can have a strong application for testing different models 
of generating plasma flows from any energy source like for in- 
stance magnetic reconnection. The present work will continue 
using data from Extreme-ultraviolet Imaging Spectrometer, X- 
ray Telescope and Solar Optical Telescope on board Hinode 
combined with data from already well known instruments such 
as SUMER, Coronal Diagnostic Spectrometer, MDI on SoHO 
and TRACE. Large datasets of simultaneous observations with 
the above mentioned instruments were acquired and preliminary 
work is ongoing. Hinode data should provide the answer to some 
of the open questions of the present work like for instance the 
coronal response to these transient phenomena. 

We believe that with this work we were able to demonstrate 
that using simultaneous imager and spectrometer observations 
is of great importance for deriving correctly the plasma charac- 
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teristics of the observed features and that this is one of the best 
ways to better understand the physical processes happening on 
the Sun. 
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